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Langley Aeronautical Laboratory 
By the f ly ing  qual i t ies  of an airplane are  meant those s t a b i l i t y  
and control cnaracter is t ics  which have an important bearing on the 
safety of f l i g h t  and on the pilot" impressions of the ease of 
controll ing an airplane i n  steady f l i g h t  or  i n  maneuvers. This paper 
w i l l  describe br ie f ly  the progress which has been made i n  se t t ing  up 
requirements f o r  sat isfactory f ly ing  qual i t ies  and w i l l  discuss some 
of the methods f o r  predicting these qual i t ies  from calculations and 
wind-tunnel t e s t s .  
I n  the years pr ior  t o  the was, re la t ive ly  l i t t l e  was known about 
what character is t ics  of an airplane constituted sat isfactory handling 
qual i t ies .  This does not mean t h a t  there had been no research on the 
subject of airplane s t a b i l i t y .  A great deal of theore t ica l  work on 
t h i s  subject had been done. This theore t ica l  work, however, was not 
able t o  take in to  account the character is t ics  of the  human p i lo t  and 
his  r e l a t ion  t o  the airplane. On the other hand, human p i lo t s  had f o r  
many yeass expressed opinions with regard t o  the  handling qual i t ies  
of a i rc raf t ,  and it was known t h a t  i n  some cases t h e i r  opinions 
conflicted with the r e su l t s  of the theory. I n  developin& a new airplane, 
therefore, there was no r e l i ab le  procedure t o  provide f o r  sa t i s fac tory  
f ly ing  qual i t ies  i n  the original. design. Generally, it was necessary 
f o r  a ser ies  of tr ial-and+rror changes t o  be made i n  f l i g h t  t e s t s  
u n t i l  the t e s t  p i lo t  was s a t i s f i e d  with the qual i t ies  of the new 
airplane. The success of t h i s  procedure depended on the s k i l l  of the 
t e s t  p i lo t  and unfortunately it did not provide a basis  f o r  avoiding 
poor character is t ics  i n  future designs. 
It was thought t h a t  the main factors  influencing the p i l o t B s  
opinions of an airplane were the control m t i o n s  and forces required i n  
normal f l i g h t  and i n  maneuvers. The f i r s t  attempt t o  formulate a s e t  
of requirements based on these character is t ics  was made i n  1937, but 
it was real ized immediately t h a t  a great deal of i n f o f i t i o n  was required 
on the handling qual i t ies  of exis t ing airplanes before a r e l i ab le  s e t  
of requirements could be written. A s  a r e s u l t  the NACA undertook a 
program t o  measure the f lying qual i t ies  of various airplanes. The 
i n i t i a l  r e su l t s  of t h i s  progrth are  given i n  reference 1. Most of the 
available knowledge of f ly ing  qual i t ies  has been obtained from these 
f l i g h t  t e s t s  which have been carried out on about 75 airplanes of all 
types, ranging from l i g h t  planes t o  the la rges t  bombers. In these 
t e s t s ,  recording instruments were used t o  obtain quantitative masure- 
ments of control movements, control forces, and airplane motions while 
the p i lo t s  performed cer ta in  specified maneuvers. Procedures f o r  making 
t e s t s  of t h i s  type are presented i n  reference 2. The r e su l t s  of many 
of these t e s t s  have been published as NACA wartime reports.  From the 
fund of information accumulated i n  these reports it has been possible 
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t o  prepare a s e t  of requirements f o r  sat isfactory handling qual i t ies  
i n  terms of quantit ies t h a t  may be measured i n  f l i g h t  or predicted from 
wind-tunnel t e s t s  and theore t ica l  analyses (reference 3). When an 
airplane meets these requirements', it is f a i r l y  cer ta in  t h a t  the airplane 
w i l l  be safe  t o  f l y  and desirable from the p i lo t ' s  standpoint. Additional 
s e t s  of requirements have been prepared by the  mili tary services 
(reference 4) i n  order t o  provide f o r  the Pequirements of mil i tary 
aircraf't .  Similar research has been carr ied out i n  England and an 
attempt along these l ines  w a s  a lso made i n  Germany, but the number of 
airplanes which were tes ted  i n  f l i g h t  w a s  considerably more limited. 
A report  (reference 5 )  has been recently published which discusses 
the  reasons f o r  the  f ly ing  qual i t ies  requirements, the design factors  
involved i n  obtaining sat isfactory f ly ing  qual i t ies ,  and the methods 
used i n  predicting the s t a b i l i t y  and control character is t ics  of an 
airplane. Some of the methods f o r  predicting the handling qual i t ies  
of a proposed airplane w i l l  now be described. 
The f ly ing-qual i t ies  requirements t i e  i n  with the concepts of 
dynamic s t a b i l i t y  i n  tha t  cer ta in  requirements are specified f o r  the 
character is t ics  of the uncontrolled motion of the airplane. The great 
maJority of the requirements, however, per tain t o  the  control positions 
and forces required i n  cer ta in  specified f l i g h t  conditions and maneuvers. 
In order t o  predict  the a b i l i t y  of an airplane t o  sa t i s fy  these require- 
ments, solut ion of the equations of motion is not generally required. 
The required control positions and forces may be predicted by considering 
the airplane t o  be i n  an equilibrium condition. The forces and moments 
acting may then be estimated e i the r  by means of wind-tunnel t e s t s  or 
simply by calculations based on the dimensions of the airplane. 
Investigations of varying complexity a re  required f o r  these 
predictions depending on the f l i g h t  conditions, speeds, and types of 
airplane involved. For conventional airplanes, the control positions 
required i n  s t r a igh t  f l i g h t  or i n  steady maneuvers i n  conditions where 
the  th rus t  coefficient is low may be estimated with suf f ic ien t  accuracy 
f o r  prac t ica l  design purposes simply from a knowledge of the dimensions 
of the airplane. The effects  of power on longitudinal and direct ional  
s t ab i l i t y ,  i n  the case of propeller-driven airplanes, cannot be 
predicted with such a high degree of accuracy. Wind-tunnel t e s t s  of 
a powered model a re  desirable i n  estimating these e f fec ts .  I f  accurate 
predictions of the control forces are  desired, par t icular ly on a large 
airplane, t e a t s  may be made of the actual  control surfaces i n  a large 
wind tunnel, or a t  l e a s t  t e s t s  of large-scale models of the control 
surfaces. Finally,  the effects  of compressibility should be determined 
f r o m t e s t s  of a complete model i n  a higk-speed tunnel. Such a complete 
investigation i s  not usually required, however, par t icular ly f o r  
conventional airplanes, because of the  large amount of data accumulated 
during the war on the character is t ics  of m a n y  airplane configurations. 
Some of t he  data  applicable t o  the  predic t ion of f l y i n g  q u a l i t i e s  
w i l l  now be given. Methods f o r  predic t ing t he  longi tudinal  s t a b i l i t y  i n  
t he  power-off condit ion from a knowledge of t h e  dimensions of t h e  a i rplane 
a r e  given .in references 6 and 7. 
I n  these  methods, t h e  e f f e c t s  of t h e  fuselage, i d l i ng  propeller ,  
wing, and t a i l  a r e  calculated.  The e f f e c t  of t he  upwash ahead of t h e  
wing on t he  fuselage and propel ler  p i tching moments and of t h e  downwash 
from the  w i n g  and propel ler  on t he  t a i l  must be taken i n t o  account i n  
order t o  obta in  accurate r e s u l t s .  
Calculation of the  d i r ec t i ona l  s t a b i l i t y  l ikewise involves est imating 
t he  contributions of t he  various a i rplane c~~nponents  and t h e i r  mutual 
in terference e f f ec t s .  The data  of references 8 and 9 may be used t o  
estimate many of these  quan t i t i es .  The e f f e c t s  of the  propel ler  m a y  
be obtained from reference 10. 
Comparison of calcula ted values of d i r ec t i ona l  s t a b i l i t y  on a l a rge  
number of a i rplanes  wi th  measured values has shown t h a t  t h i s  quant i ty  
may be predicted f a i r l y  accurately f o r  a i rplanes  with smoothly 
streamlined canopies. On ai rplanes  with poorly designed canopies, t h e  
wake of t h e  canopy passing over t h e  v e r t i c a l  t a i l  g r ea t l y  reduces i t s  
effect iveness  and it is  r a t h e r  d i f f i c u l t  t o  est imate w h a t  percent of 
the  v e r t i c a l  t a i l  a rea  should be considered e f fec t ive .  Some wind-tumsl 
da ta 'on  t he  e f f e c t s  of canopies on d i r ec t i ona l  s t a b i l i t y  may be found 
i n  reference 11. 
Another item of importance which may be estimated qu i te  accurately 
is  t h e  r o l l i n g  ve loc i ty  obtained i n  a steady r o l l  with a given a i l e ron  
def lect ion.  Methods f o r  making t h i s  ca lcu la t ion  a r e  described i n  
d e t a i l  i n  a repor t  which summarizes t h e  r e s u l t s  of NACA l a t e r a l - con t ro l  
research (reference 12) .  
Several  repor t s  have been published comparing s t a b i l i t y  and con t ro l  
characteristics predicted from the  dFmensions of t h e  a i rplane with those 
measured i n  f l i g h t  (references 7, 9, and 13).  I n  general,  these  r e s u l t s  
a r e  i n  good agreement f o r  f l i g h t  conditions where t he  t h r u s t  coef f ic ien t  
is  low. Calculations of the  e f f e c t s  of power on t he  s t a b i l i t y  character- 
i s t i c s  a r e  more d i f f i c u l t ,  and usually it is desi rable  t o  r e s o r t  t o  
wind-tunnel t e s t s  of a powered model i n  order t o  obta in  accurate r e s u l t s .  
Variow attempts have been made, however, t o  devise semiempirical methods 
t o  determine the  e f f ec t s  of power, based on t he  l a rge  number of wind- 
tunnel t e s t s  of powered models which were conducted during t he  war years  
(reference 14) .  It is a l s o  possible t o  est imate t h e  e f f e c t s  of power 
by comparison with the  r e s u l t s  of t e s t s  f o r  a similar design. The 
e f f ec t s  of power on longi tudinal  s t a b i l i t y  as measured i n  f l i g h t  on a 
number of a i rplanes  a r e  given i n  reference 15. 
The procedure f o r  conducting wind-tunnel t e s t s  of a powered model 
is  described i n  d e t a i l  i n  reference 16. Methods f o r  analyzing the 
r e s u l t s  of wind-tunnel t e s t s  f o r  determination of f lying qual i t ies  are  
given i n  references 17 and 18. 
Several reports have been published comparing the f lying ;ual i t ies  
of a i r c r a f t  as measured i n  f l i g h t  with those predicted from wid-tunnel 
t e s t s  (references 19 and 20). Usually the agreement with regard t o  
control positions is sat isfactory.  The prediction of control forces 
is  subject t o  more uncertainty. One point which may be mentioned i n  
connec-tion with the prediction of control forces is tha t  generally the 
hinge-moment parameters C h a  and Ch8 may be predicted only with a 
ce r t a in  degree of accuracy. In cases where t h i s  much variat ion w i l l  
cause large changes i n  the s t i c k  forces it is apparent tha t  the control- 
force character is t ics  w i l l  be d i f f i c u l t  t o  predict accurately. The 
accuracy may be improved, however, by designing the airplane i n  such a 
w a y  t h a t  the control forces are  l e s s  sensi t ive t o  small changes i n  the 
hinge-1110ment character is t ics .  
Inasmuch as  i n  the past much emphasis has been placed on the' 
c l a s s i ca l  theory of s t ab i l i t y ,  an attempt w i l l  be made t o  show how the 
items considered important i n  connection with f lying qual i t ies  t i e  i n  
with the c l a s s i ca l  theory of s t a b i l i t y .  F i r s t ,  the subject of 
longitudinal s t a b i l i t y  and conkrol w i l l  be considered. The theory 
predicts t h a t  a s t a t i ca l ly ' s t ab le  airplane w i l l  perform two types of . 
osci l la t ion:  the long period or  phugoid motion, which is  generally 
poorly damped, and the short  period osci l la t ion,  which is always well 
damped when the controls a re  fixed. It hae been frequently demonstrated 
t h a t  the period of the phugoid motion is so long tha t  the damping of t h i s  
osc i l l a t ion  has no correlat ion with the pi lot ' s  opinion of the handling 
qual i t ies  (reference 21). This f a c t  is so well  established tha t  any 
explanation of it may seem superfluous. The emphasis placed i n  the 
past on the calculations of the character is t ics  of t h i s  mode of motion, 
however, has lead many engineers t o  be reluctant  t o  discount i ts  
importance. In  order t o  demonstrate the ease with which the p i lo t  
can damp out t h i s  osci l la t ion,  therefore, f igure 1 is presented. This 
f igure i l l u s t r a t e s  t h a t  not only can the p i lo t  damp out the phugoid 
motion very rapidly but tha t  only a very small motion of control is 
required. 
Though the short-period osc i l la t ion  is always s table  with controls 
fixed, it ma;y become violent ly unstable with controls f ree  i f  cer ta in  
unfavorable combinations of elevator hing-ment character is t ics  are 
employed. When t h i s  motion i a  unstable, it resu l t s  i n  an osc i l la t ion  
which produces accelerations approaching the s t ruc tura l  strength of the 
airplane within a period of 1 or 2 seconds. Fl ight  records of the type 
of osc i l la t ion  are  shown i n  f i v e  2 f o r  both well-damped and unstable 
osc i l la t ions ,  A condition such as t h i s  unstable osc i l la t ion  obviously 
cannot be tglerated and it is, therefore, required tha t  t h i s  mode of 
motion be well  damped. A theoret ical  analysis of this type of osc i l la t ion  
presented i n  reference 22 indicates that the motion ma;y become unstable 
i f  the varriation of hinge4oment coe?ficient with deflection Chg 
(the restor ing tendency of the elevator) is reduced t o  zero, and s t a b i l i t y  
is obtained by use of a bobweight or  an elevator which tends t o  f l o a t  
against the relatsve wind. In  the  example shown i n  figure 2, the value 
of C% w a s  reduced t o  approximately zero by use of a balancing tab. 
The requirement fo r  dynamic longitudinal s t a b i l i t y  is  only one of 
a large number of requirements which must be sa t i s f i ed  i n  order t h a t  
the longitudinal s t a b i l i t y  and control character is t ics  should be 
satisfactory. The other requirements deal  with the character is t ics  
of the  elevator control i n  steady f l igh t ,  i n  accelerated f l igh t ,  i n  
landing, and i n  take-off, and also with the t r im changes due t o  power 
and flaps,  and the character is t ics  of the longitudinal trFmming device. 
An example of one of the requirements w i l l  be given t o  show how a 
quantitative requirement of this type aids i n  establishing cer ta in  
features of the airplane design. The requirements f o r  longl tudiml  
control i n  accelerated f l i g h t  specify the variations of elevator angle 
and elevator force with acceleration i n  maneuvers i n  which the angle 
of attack is increased rapidly t o  produce a condition of accelerated 
f l i g h t  without much change i n  airspeed. Inaamuch as the elevator force 
per g change i n  normal acceleration is f a i r l y  independent of speed 
on conventional airplanes, this quantity is  used as one means of 
specifying the elevator-force character is t ics .  The control-force 
gradient should not exceed about 6 pounds per g on highly maneuverable 
airplanes such as  f ighters  and should be less. than 50 pounds per g on 
t ~ a n s p o r t s ,  heavy bombers, and so for th.  In order t o  prevent the p i lo t  
from inadvertently overstressing the structure,  a pul l  force of a t  
l e a s t  30 pounds should be required t o  reach the allowable load factor .  
An excessive value of force per g w i l l  r e su l t  i n  an airplane which i s  
d3ff icul t  t o  f l y  or  maneuver, whereas a negative value w i l l  make the 
airplane extremely dangerous t o  f l y  because a rapid divergence wodd 
re su l t  if the p i lo t  released the control s t ick .  Some factors  which 
influence the force character is t ics  i n  accelerated f l l g h t  are  i l l u s t r a t ed  
i n  f igure 3. From t h i s  f igure it is seen t h a t  the force per g increases 
as the center of gravity is moved forward. The variat ion of force 
per g with center-of-gravity posit ion may be reduced by r e d u c i x  the 
variat ion of elevator hing-ment coefficient with deflection C b .  
The curve may be shif ted by a constant amount a t  any center-of-gravity 
posit  ion by changing the variat ion of elevator hing-ment coef f i c  lent  
with angle of a t tack (2%. On a given airplane the range of center-of- 
gravity positions over which satisfackory f lying qual i t ies  are  obtained 
may be limited by t h i s  force-per--g variation. An increase i n  the cent.er- 
of-avity range over which sat isfactory force character is t ics  i n  steady 
maneuvers are  obtained might be provided by reducing the value of 
Ch8 
and obtaining forces i n  the desired range by use of a posit ive value 
of Cb. Flight  t e s t s  have shown, however, that t h i s  procedure, i f  
carr ied too far, ms;y r e su l t  i n  undesirably l i g h t  control forces i n  
rapid maneuvers, because the p i lo t  is able t o  def lect  the control 
rapidly with very l i t t l e  force; then the force builds up as the acceler- 
a t ion  increases. This condition is discussed more fu l ly  i n  reference 23. 
The desire f o r  l i g h t  control forces over a large center-of%a?ity range, 
therefore, confl ic ts  with the requirement f o r  desirable control f ee l .  
The requirements may be more easi ly  sa t i s f ied ,  however, i f  the center- 
of-gravity range is  located well 'forward of the posit ion f o r  neutral  
s t a b i l i t y  with the elevator fixed. 
A few of the requirements f o r  l a t e r d  s t a b i l i t y  and control w i l l  
now be discussed. Here, again, the f i r s t  requirement t i e s  i n  with the 
c lass ica l  concepts of dynamic s t ab i l i t y .  There is  no requirement f o r  
s p i r a l  s t a b i l i t y  inasmuch as  the spiral. divergence is very slc~w and 
easi ly  controlled and a lso  because i n  most conventional airplanes the 
f r i c t i o n  i n  the control system may hold the controls i n  a posit ion t o  
cause a much more rapid divergence than the s p i r a l  divergence with the 
controls i n  the trim position. The Dutch r o l l  osc i l la t ion  has a 
r e l a t ive ly  short  period, however, and it should be well.dsmped so as 
not t o  require constant a t tent ion on the part of the p i lo t .  On 
pract ical ly  all conventional airplanes the Dutch r o l l  osc i l la t ion  with 
controls fixed is suf f ic ien t ly  well damped. Continuous l a t e r a l  
osci l la t ions,  known as  snaking osci l la t ions,  have, however, been 
encountered on m a y  airplanes as a re su l t  of s l igh t  motion of the 
controls induced by the osci l la t ion.  A report  which presents a 
theore-tical analysis of this type of motion and indicates means of 
avoiding it is available (reference 24). While the  c l a s s i ca l  Dutch r o l l  
osc i l la t ion  has given l i t t l e  trouble i n  the  past, it has assumed a 
s t a tus  of increased importance i n  connection with recent airplane designs 
employing swept wings. 
Other l a t e r a l  s t a b i l i t y  and control requirements deal with the 
aileron-control characteristics,  the yaw due t o  ailerons, the l imi ts  
of ro l l ing  moment due t o  s idesl ip ,  the direct ional  s t ab i l i t y ,  the side- 
force characteristics,  and the pitching moment due t o  s idesl ip .  In  
addition, the character is t ics  of the rudder and ai leron trimming 
devices are specified. 
Some unusual features of airplane s t a b i l i t y  and control which have 
been shown t o  be important f o r  many types of airplanes and which have 
not been given a great deal of a t tent ion i n  the past w i l l  now be 
presented. 
h e  fac tor  which has been found t o  be very important i n  affect ing 
the f lying qual i t ies  of many high+peed airplanes is the d is tor t ion  
of the control surfaces and of the airplane s t ructure under aerodynamic 
loads. Data presented i n  f igure 4 i l l u s t r a t e  om ef fec t  which is quite 
frequently encountered. This f igure shows the  e f fec t  of s t ab i l i ze r  
incidence on the variat ion of s t i c k  force with speed i n  s t r a igh t  f l i g h t .  
An analysis based'on the assumption of a r i g i d  airplane would indicate 
tha t  there should be no change i n  the curve of s t i c k  force against speed 
due t o  changing the s t ab i l i ze r  incidence provided the airplane were 
retrimmed a t  the same speed by use of the trim tab. In practice it 
is  found tha t  a negative s t ab i l i ze r  incidence, which requires down 
elevator deflection f o r  trim i n  h i m p e e d  f l igh t ,  usually r e su l t s  i n  
rapidly increasing push forces a t  high speeds. This e f fec t  is caused 
by progressively increasing d is tor t ion  of the elevator covering and 
twisting of the s t ab i l i ze r  as the aerodynamic forces a re  increased. 
This condition i s  very undesirable because i f  the p i lo t  should release 
the s t i c k  a t  high speeds, excessive acceleration would be encountered 
i n  the pull-out. The ef fec t  of posit ive s t ab i l i ze r  incidence is t o  
produce rapidly increasing pul l  forces a t  high speeds which violates  
the requirement f o r  s t a t i c  longitudinal s t ab i l i t y .  These ef fec ts  
cannot, of course, be predicted from wind-tunnel t e s t s  of a r i g i d  model. 
These d is tor t ion  ef fec ts  may be avoided, however, by use of the correct 
s t ab i l i ze r  se t t ing  so t h a t  the elevator is l ined up with the  s t ab i l i ze r  
i n  high-speed f l i g h t .  A similar ef fec t  of d is tor t ion  on the rudder-force 
variat ion with speed is obtained by varying the se t t ing  of the ve r t i ca l  
f i n .  These and other e f fec ts  of d is tor t ion  due t o  aerodynamic loads 
may be isolated from compressiblity e f fec ts  i n  f l i g h t  t e s t s  by making 
runs a t  different  a l t i tudes .  Distortion ef fec ts  s e t  i n  a t  a given 
value of indicated airspeed, whereas compressibility e f fec ts  occw a t  
a given Mach number. A theore t ica l  analysis of the e f fec ts  of fabric  
d is tor t ion  on s t a b i l i t y  is given i n  reference 25. 
Many of the design factors  which may be used t o  a id  i n  meeting 
cer ta in  of the f l ight -qual i t ies  requirements a re  of amconf l ic t ing  
nature so t h a t  compromises i n  the design w i l l  generally have t o  be 
made i n  order t o  meet all the requirements as closely as possible. 
The most frequently encountered problem is t h a t  of providing s -a f i c i en t ly  
l i g h t  control forces without reducing the effectiveness of the control 
surfaces below the specified values. A l l  the control-force values 
which enter into the requirements, such as the force per g, the ai leron 
force required in. a r o l l ,  the rudder force required t o  of fse t  a i l e ~ o n  
yaw, and so for th,  tend t o  increase as the product of the span and the 
square of the chord of the control surface, and as the dynamic pressure. 
A s  airplanes a re  made larger  and fas te r ,  therefore, an increasing degree 
of aerodynamic balance is required on all the control surfaces t o  m e t  the 
handling-qualities requirements. For example, f igure 5 i l l u s t r a t e s  the 
approximate reduction i n  C of the elevator required t o  meet the 
elevator control-force requirements as a function of airplane weight. 
A great deal of research has been done during the w a r  years on means 
of balancing zontrol surfaces, some of which is summarized i n  re ferewe 11. 
Revertheless, it is impractical t o  balance control surfaces more than 
a cer ta in  amount because varia-bions i n  contours of the control surfaces 
of different  airplanes of the same type, within production tolerances, 
r e su l t  i n  variations of (2% of the same order aa the value required. 
On large airplanes, therefore, some aerodynamic or mechanical device 
is required t o  multfply effectively the p i lo t ' s  e f fo r t  by a large factor ,  
i n  order tha t  l i gh t  forces my be obtained without u t i l i z ing  an 
impractically large degree of balance. Such devices include spring 
tabs (reference 26) and hydraulic booster mechanisms. 
Inasauch as the  handling-qualities requiremezts a re  based la rge ly  
on experience with conventional airplanes,  f u r t he r  research wilL 
probably be required t c ~  f i nd  whether addi t ional  requiremm,ts a r e  
necessary f o r  t h e  unconventional 'types of a i rplanes  that a r e  now being 
contem2lated f o r  very high speed f l i g h t .  Because of the  g rea t  range 
of' speed and a l t i t u d e  encountered by such a i rplanes  it may be impossible 
t o  meet the  handling-qualit i e s  requiremen-t;s without re ly ing  on 
mechanical devices t o  provide s t a b i l i t y  and desi rable  control  forces.  
With such devices t he  method of t he  control  of t he  a i rplane may d i f f e r  
considerably from that normally used. Research w i l l  therefore  be 
required t o  f i n d  t he  reac t ion  of t he  p i l o t  t o  these  unwual  control  
forces .  Preliminary research on t h i s  subject  may be car r ied  out 
without making ac tua l  f l i g h t  t e s t s  by t h e  use of simulators designed 
t o  behave i n  the  same manner as the  airplane.  
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Figure 1. - Phugoid oscillations. 
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Figure 5. - Elevator balance. 
